Abstract
+ electronic transition in the doublypolar open-shell KSr molecule are recorded at moderate resolution using the thermoluminescence technique. The spectra are simulated using three kinds of advanced electronic structure calculations, allowing for an assessment of their accuracy on one hand, and for the derivation of fundamental spectroscopic constants of the X(1) 2 Σ + KSr ground state and the excited electronic state B (2) 2 Σ + , on the other hand. These results should facilitate further studies aiming at creating ultracold bosonic or fermionic KSr molecules.
Introduction
In recent years mixed diatomic molecules composed with one alkali-metal atom (Li, Na, K, Rb, Cs) and one alkaline-earth atom (Be, Mg, Ca, Sr, Ba) became particularly interesting for the community of physicists, due to the possibility of performing new experiments in the field of ultracold molecules [1, 2, 3, 4] . Such open-shell diatomics are called "doubly polar molecules" since they have both electric and magnetic permanent dipole moments. At ultralow temperatures they provide unique opportunities for quantum control and new possibilities for quantum simulations [5, 6, 7] . Such challenging experiments require guidance based on experimentally known features of the chosen species. However, because of experimental difficulties, only a limited number of studies have been published so far. Low-resolution molecular spectroscopy -complemented by advanced electronic structure calculations -has been achieved on RbSr [8, 9, 10] , RbCa [11] , and LiCa [12] molecules embedded inside helium nanodroplets as cold as a few kelvins, thus drastically reducing the number of populated levels of the electronic ground state X(1) 2 Σ + (typically the lowest vibrational state, and a few rotational states). The explored spectral range concerned the excited molecular states above the two lowest ones, namely (2) 2 Σ + and (2) 2 Π. In contrast, high-resolution studies based on Fourier transform spectroscopy and addressing the latter excited electronic states have been recently reported for LiSr [13] and KCa [14] , and on LiBa in a series of older papers [15, 16, 17] . It is worthwhile also to note the resonant two-photon ionization spectroscopy of LiCa reported in Ref. [18] .
Despite the apparent simplicity of alkali-alkaline-earth diatomic molecules, the accurate computation of their electronic structure is cumbersome when heavy atoms are involved, as strong correlations are expected between the valence electrons and those of the closed-shell ionic cores. Numerous exploratory calculations have been performed over the years with almost no possibility to evaluate them against experiment, up to very recently. We can quote papers on barium-alkali-metal-atom compounds [19, 20, 21, 22] , lithium-alkaline-earthatom compounds [23] , strontium-alkali-metal-atom compounds [24, 25] , and other combinations [26] up to the recent systematic investigation for sixteen alkali-alkaline-earth compounds of Ref. [27] Among the alkali-metal-alkaline-earth species, KSr definitely belongs to the most interesting ones. The potassium atom is the only alkali-metal atom with three stable or long-lived isotopes, which together with four isotopes of Sr give 12 possible mass combinations exhibiting both bosonic (e.g. be used to tune the scattering properties in KSr by proper selection of the isotopologue.
It is well known that the accuracy of quantum chemistry calculations does not generally meet the requirements of ultracold physics. For instance the scattering length for a pair of colliding atoms cannot be predicted without the help of high-resolution experimental data. It is also challenging to approach the spectroscopic accuracy for the ground state and the excited electronic states. In most cases it is essential to combine experimental data and theoretical potential energy curves to derive an "experimental" potential energy curve. On the other hand, experimental techniques like Laser Induced Fluorescence (LIF) or Polarisation Labelling Spectroscopy (PLS), which yield spectroscopic data with rotational resolution, must be initiated with accurate theoretical data, or with data delivered by less demanding experiments, as it was shown in case of KCa molecule [14] . The thermoluminescence technique used in the present work belongs to this latter category of experimental methods, thus representing an important step to refine potential energy curves.
The present paper originates from a close cooperation between theoretical and experimental groups. We first present in Section 2 the electronic structure calculations performed with two different methods, in order to assess their typical accuracy through the comparison of their results. In Section 3 we describe our experimental approach based on the thermoluminescence technique, which allowed us to extract the first experimental results for the X(1) 2 Σ + and B (2) 2 Σ + electronic states of the KSr molecule. Through the simulations of the recorded spectra (Section 4), we demonstrate in Section 5 that the level of accuracy of the present calculations allowed a better understanding and a proper interpretation of the spectroscopic data. In the future the relatively precise experimental molecular constants should be used to correct the assumptions of the individual theoretical models and to improve the accuracy of the predicted molecular parameters.
Electronic structure calculations
As quoted above, the valence electrons (one for K, two for Sr) and the remaining core electrons of K + and Sr
2+
in the KSr system strongly interact, making the computation of their electronic structure tedious. Therefore the usage of different methods to perform such calculations is mandatory for a documented assessment of their validity. We proceeded here like in our previous collaborative investigations, employing two different methods. Below we recall their main steps, for reader's convenience, while all details and references can be found in Ref. [25] .
The first approach, for simplicity hereafter referred to as the FCI+ECP+CPP method, relies on the modelling of the K + and Sr
closed-shell cores by an effective core potential (ECP) completed by a core-polarization potential (CPP) [28, 29, 30] , which parameters are reported in Ref. [24] . The Gaussian orbital basis sets spanning the configuration space are also reported in Ref. [24] . Thus the problem is reduced to an effective three-electron system, allowing the resolution of the electronic Schrödinger equation using a full configuration interaction (FCI). This yields the potential energy curves (PECs) of the electronic ground state X 2 Σ + , as well as many excited electronic states of 2,4 Σ + , 2,4 Π, and 2,4 ∆ symmetries, and subsequently the permanent and transition dipole moments (PDM and TDM) involving these states as a function of the internuclear distance R.
The second method employs 19 active electrons whereas the inner electronic shells are treated as effective core potential ECP referred to as ECP28MDF for Sr and ECP10MDF for K, so that the 4s, 4p, and 5s electrons of Sr, and the 3s, 3p and 4s electrons of K are fully correlated. The ECPs used in this calculations were obtained by Lim et al. [31, 32] and the basis set tailored for this ECP was uncontracted and augmented by adding one h function to the basis set for each atom (with exponents 3.84 and 0.56 for K and Sr, respectively). The basis set was subsequently augmented by a set of diffusion functions. The midbond basis set was added with exponents 0.9,0.3,0.1 for spd-type functions and 0.6,0.2 for f g functions, and placed on ghost atom in geometric centre of the molecule. The PECs are obtained using counterpoise-corrected supermolecular coupled-cluster method based on spin-restricted reference [33] with single and double excitations and non-iterative correction for triply-excited configurations [RCCSD(T)]. For the ground-state closed-shell system, this method is considered as the golden standard of the quantum chemistry calculations of interaction potential. However, for the ground state open-shell systems RCCSD(T) were studied far less in terms of uncertainty of calculations of PECs compared to closed-shell systems. For the first excited states, the calculations of potential energy curves which employ such approach are explored very little (note for example the work of Klos et al. [34] . In this respect it is very appealing to confront RCCSD(T) method applied to the ground state and the first excited 2 Σ + state, and compare it with alternative methods. Such a comparison will be profitable for future studies of similar systems relevant in ultracold molecular physics. While the former state is easy to converge and maintains the singlereference character for broad range of distances, the supermolecular RCCSD(T) calculation for the second 2 Σ + state was a bit more demanding. To this end, the orbital rotation of 4s and 4p potassium orbitals were applied on top of the ground state reference state, and subsequently converged. The coupled-cluster equations could be easily converged down to about 2.5. It is worth noting that the value of T1 diagnostics of Lee [35] used commonly for assessment of multireference character of CCSD calculation is at most 0.03 in the energy well, slightly more than the value indicating single-reference character. The molpro 2012 package was used for this part of ab initio calculations [36] .
In both methods, we model the long-range part of the potential curves using the standard −C 6 /R 6 − C 8 /R 8 expansion smoothly matched to the curves obtained above (at 30 a.u. for the FCI+ECP+CPP method, and at 20 a.u. for the RCCSD(T) method) with switching function taken from Ref. [37] . The van der Waals coefficients were taken from the paper of Jiang et al. [38] .
The results for the PECs of the X(1) 2 Σ + ground state and the lowest A 2 Π states relevant for the present study are displayed in Fig. 1 and the related transition dipole moment (TDM) in Fig. 2 , together with the results reported previously in Ref. [39] (by the group henceforth referred to as the Graz group) based on the multireference configuration interaction (MRCI) approach.
The agreement between the RCCSD(T) approach and the FCI+ECP+CPP method for the ground state is remarkable, and confirms the trend already reported in Ref. [25] for RbSr. In contrast, the MRCI approach of Ref. [39] predicts a significantly deeper potential well with a rather strong harmonic constant (see Tab. 1). As the RCCSD(T) approach is currently considered as the most reliable method for such ground state calculations, an as its results are confirmed by a completely different semi-empirical approach, we recommend these results for further use. The situation is less clear for the lowest excited electronic states: all methods provide consistent results, but again the well depth reported in Ref. [39] is significantly deeper than in the two methods.
The TDM is well known as a quantity very sensitive to the details of the electronic wave functions. The agreement between the FCI+ECP+CPP method and the one of the Graz group is remarkable (see Fig.2 ) especially in the 4Å-6Å range, where the oscillation for the B state originates from a broad avoided crossing-as large as about 1500 cm Fig.3 ). Such an agreement clearly expresses that both methods, while very different, describe the electronic wave functions in the same way, thus representing an indication of their validity. However it is striking that the asymptotic values of the B-X and A-X TDM reach the atomic K(4s 2 S)-K(4p 2 P ) TDM in the FCI+ECP+CPP approach, while it is overestimated by 8 % in the results of the Graz group.
The data for the PECs and TDMs computed in the present work are reported in the Supplementary material [40] . Note that according to our calculations with the FCI+ECP+CPP method, the PECs correlated to the next dissociation limit, K(4s 2 S)+Sr(5s5p 3 P ), have all their minima well above the one of the PECs correlated to K(4p 2 P )+Sr(5s 2 1 S) studied here (see Fig.3 ). Beside the , thus largely separated from the B(2) 2 Σ + PEC, and should not significantly contribute to the spin-orbit energy in the B state (see Fig.3 ).
The thermoluminescence experiment
At temperatures high enough a thermal population of electronically excited molecular states is possible. Since working temperatures for potassium and strontium are significantly different, a special dual-temperature stainless steel heat-pipe oven was constructed to produce a vapor of KSr molecules. A detailed description of this device can be found in Ref. [41] . In general, the heat-pipe was spatially divided into three sections. The central part of the pipe was filled with 10 g of strontium and heated to the temperature T Sr = 1100 K, while the outer parts were filled with 10 g of potassium and maintained at the temperature T K = 820 K. Only potassium parts of the oven were covered inside with a stainless steel mesh to provide a proper metal circulation in the heat-pipe. Helium at pressure of 30 Torr was used as a buffer gas to assure stability of the heat-pipe operation and to prevent metal deposition on the oven windows. The atomic vapors were mixing and reacting in the central part of the heat-pipe, producing KSr molecules. Thermally excited fluorescence spectra Figure 3: The potential energy curves calculated with FCI+ECP+CPP method for all states correlating to the K(4p 2 P )+Sr(5s 2 1 S) and K(4s 2 S)+Sr(5s5p 3 P ) asymptotes. The solid black lines denote 2 Σ + states, the dashed red lines denote 2 Π, the dash-dot blue line refers to 4 Π and the dotted green line denotes 4 Σ + state. The zero energy is the same as in Fig.1 were recorded using Bruker Vertex V80 Fourier Transform Spectrometer with a spectral resolution 0.16 cm Fig.4d ). At the resolution of the present experiment, each unresolved band head consists of a group of about 30 rotational lines.
Simulations of the recorded spectra
Simulations of molecular spectra were performed using theoretical potentials in order to compare them with the experimental results. Such comparison was necessary to enable the correct assignment of the band heads and further analysis of the experimental data. Calculations were based on three sets of theoretical potential energy curves, generated independently with FCI+ECP+CPP and RCCSD(T) methods (see Section 2) as well as originating from the Graz group [39] .
In the first step of the simulation energies of rovibrational levels of the B(2) 
=0-80). Note that we checked that the contribution of the A(1)
2 Π state to the observed spectra is found typically 2000 times smaller than the one of the B state, due to the combined effect of smaller TDM and unfavorable FCFs.
Several assumptions were made to simulate the spectra. The fine structure splitting of molecular levels (i.e. splitting between F 1 and F 2 levels due to the spin-rotation coupling) was neglected, since the distance between fine structure components for low rotational quantum numbers N 
where ψ 
and P (v ′ , N ′ ) describes population of energy levels in the B(2) 2 Σ + state at thermal equilibrium
(4) The values of spectroscopic parameters T e , ω e and B e of the excited state were taken from the theoretical predictions. The line profiles were assumed to have a Gaussian shape with FWHM = 0.16 cm −1 , that results from the Fourier Transform Spectrometer working parameters. The simulated spectra were used in the process of identification of the experimental results.
Data Analysis
A specific method of experimental spectra analysis was used. At the beginning three theoretical spectra of the B→X transition were simulated according to the procedure described in the previous section, relying on three sets of potential curves, either from Ref. [39] or from the present calculations. These simulated spectra were compared with the experimental spectrum, as shown in Fig.4 . It can be noticed that the general shape of the spectra is similar and the main difference comes from different theoretical values of term energy of the B state (T B e ) in each calculation(see Tab.1), resulting in different positions of the spectra on the energy (wavenumber) scale. The relative positions of the individual band heads and their intensities are also somewhat different for the three theoretical calculations of interest. Nevertheless, by careful comparison, we were able to assign several band heads in the experimental spectrum, as shown in Fig.4(d) . The wavenumbers of the assigned band heads can be arranged neatly into a Deslandres table (Table 2) , which supports our assignment.
At the next stage of the analysis we ascertained which rotational transitions were responsible for formation of each band head, taking into account the experimental width of the band heads, typically 0.3 cm −1 (see Fig.5 ). All the observed vibrational bands were red shaded which means that the band heads were formed in the P branches, the R branches providing merely a background in the recorded spectra. (This observation implies that the equilibrium distance R ′ e of the B state is smaller than R ′′ e of the ground state). A range of the B state rotational levels N ′ involved in formation of each band head was identified on the basis of theoretical calculations and only transitions starting from these levels were taken into account in further steps of the analysis. Note that a values was attributed not only to each band head but also to each theoretical model. In this way a group of P lines responsible for band head formation was specified for each band and we assigned to these lines the same wavenumber, namely that of the corresponding band head. As a result we obtained a set of about 350 P lines, split into 13 groups, with the same wavenumber within each group. The wavenumbers of these lines were fitted to differences of term values of the upper and lower levels,
which were expressed by a standard Dunham expansion Table 3 lie in between the one of the present calculations, and the one from Ref. [39] . In contrast, the obtained value for Y B 10 ≡ ω B e is larger than the theoretical values from RCCSD(T) and the Graz results, while it is in remarkable agreement with the value from the FCI+ECP+CPP method. The T e value derived from the Dunham analysis is also in good agreement with the results of the FCI+ECP+CPP calculation and that of Ref. [39] , and smaller than the one obtained by the RCCSD(T) approach. It is probable that this large deviation of T e in RCCSD(T) results from the strong multireference character of the B state -which exhibits a marked avoided crossing with the next electronic state, a quoted above -that is not accounted for in the coupled-cluster method.
It should be noted that the uncertainties of the Y ij values result mainly from the problem of determination of accurate positions and widths of the band heads, as many lines corresponding to transitions to different rovibrational levels in the B (2) 2 Σ + and X(1) 2 Σ + states overlap in the spectra and observation of only top parts of the band heads is possible. A Monte-Carlo method was used to find the error associated with this problem. With the half-width of each band head assumed somewhat arbitrarily to be 0.3 cm (that influenced the number of rovibrational lines taken into consideration). A set of Dunham coefficients was determined for each random combination of the Values taken from the theory and fixed during the fit. Table 3 , up to 350 levels per each set, in the range of quantum numbers v ′′ = 0; 4 , N ′′ = 0; 32 and v ′ = 0; 7 , N ′ = 0; 33 . With these input data potential energy curves were built for each state using the point-wise Inverted Perturbation Approach (IPA) method [43] . As a starting potentials the corresponding theoretical potential energy curves were used. The resulting IPA potentials are determined reliably by the experimental data in the energy range between 0 and about 250 cm for the B state. In Fig.6 the IPA potentials are compared with the bottom parts of the theoretical potential energy curves. For the theoretical potentials we assumed that the minima of the ground state curves correspond to zero energy (as in case of the experimental ones) but the calculated values of T B e have been retained (see Table 1 ). The shapes of experimental IPA curves confirm the conclusions drawn from the obtained values of the Dunham coefficients. The shape of all three experimental potentials for both states is almost identical and does not depend on the starting theoretical potential. The main difference lies in the positions of their minima and relates to the theoretical R e value. For the ground state positions of the potential minima differ by less than 0.1 Å. In the case of the B (2) 2 Σ + state the differences are even smaller. All IPA potentials are presented in the supplementary materials [40] .
To confirm the validity of the procedure described above, the molecular spectra were calculated again, basing on the final experimental potential curves. The exemplary result, obtained for the curves assuming the ground state R e value taken from the FCI+ECP+CPP calculations, is shown in Fig. 7 . For all identified band heads there is a good agreement between their experimental and calculated positions. Moreover, the calculated spectrum allows to identify an additional band head in the observed spectrum, indicated by a question mark in Fig. 4(d) . This proves that a good estimation of the potential energy curves of the investigated states has been obtained.
Conclusions
With the guidance of three sets of theoretical potential energy curves and transition dipole moments -two sets being presented in this work, and one from a previous work Ref. [39] -we derived for the first time the fundamental spectroscopic constants of the KSr ground state, and of its second excited electronic state. We performed an experiment involving thermoluminescence spectroscopy, which provided molecular spectra in the X-B system with resolution 0.16 cm −1 given by the Fourier Transform Spectrometer.
The three sets of theoretical potentials curves were used first to assign the intricate experimental spectra. Then they were employed as starting curves of the IPA routine. In each case the curves have been modified by the routine to fit the experimental data. As it turned out, the resulting potentials are of almost identical shape, irrespective of the starting curve. Only relative positions of the equilibrium internuclear distances R e differ noticeably and depend on the theoretical model, being the main limitation of our study. Nevertheless the procedure provides an interesting alternative to complicated and time-consuming experimental techniques if quick evaluation and coarse optimization of theoretical potential curves is required. Among the three theoretical approaches examined in the present work, the FCI+ECP+CPPP one seems to provide the best possible agreement with the present measurements. Further studies should be performed to confirm to which extent those three approaches could indeed be discriminated with respect to their accuracy. We note however that their overall agreement with the derived experimental data is satisfactory, confirming that they could serve well for modeling possible schemes for ultracold molecule formation starting from ultracold atom pairs. 
